Post-crystallization treatments such as manual fishing of crystals and soaking in cryoprotectant solutions, especially of large macromolecular complexes and membrane proteins, are cumbersome and often lead to crystal damage and reduced diffraction data quality. Here, a capillary crystallization plate is presented that simultaneously allows counter-diffusion crystallization at the nanolitre scale in a high-throughput screening mode, low-temperature in situ diffraction data collection from crystals after cryoprotection and lowtemperature in situ data collection of crystals without the addition of any cryoprotectant after high-pressure (HP) freezing. The development of this plate and plunge cooling of crystals in the capillaries is a major step towards implementing automated in situ high-throughput crystal diffraction data collection at a synchrotron beamline. In combination with HP freezing this offers a new opportunity to obtain structural information from fragile crystals of supramolecular complexes that might otherwise not be feasible.
Introduction
Having diffraction data of the highest possible accuracy is a prerequisite to determining phases of sufficient quality and obtaining a structure from a single high-quality protein crystal using state-of-the-art phasing methods. The most common procedure for diffraction experiments is to take crystals grown in hanging-or sitting-drop plates, transfer them by manual manipulation to a solution containing cryoprotectant and finally mount them on a loop that is plunge cooled e.g. in liquid nitrogen (Berry et al., 2006; Weber, 1997; Pflugrath, 2004; . For crystals that are difficult to handle or are very fragile this procedure is inappropriate and can even prevent the acquisition of usable diffraction data. One way to avoid physical manipulation of crystals is to grow them by counter-diffusion in thin capillaries that allow in situ X-ray diffraction, rendering manual manipulation or transfer of the crystal from the crystallization well to a loop unnecessary. A range of counter-diffusion-based crystallization tools, including microfluidic devices (Hansen et al., 2002; Zheng et al., 2003 Zheng et al., , 2004 Ng et al., 2008; Gerdts et al., 2006; Zhou et al., 2007; Du et al., 2009) , microcapillary-based microbatch plastic tubes (Yadav et al., 2005; Kalinin & Thorne, 2005) and glass capillaries Ng et al., 2003 Ng et al., , 2008 García-Ruiz, 2003; Garcia-Ruiz & Ng, 2007) , have been developed over the past decade.
The diffraction quality of a crystal is often impeded by radiation damage induced during X-ray analysis (Garman & Schneider, 1997; , so data collection from protein crystals is performed at liquid-nitrogen temperature. For this the crystals are flash cooled to prevent the formation of cubic and hexagonal ice crystals, which could damage the crystal lattice. Generally, the formation of this state requires a rapid temperature drop. In most cases though, heat diffusion out of the crystal is a rather slow process, resulting in low-density crystalline ice I, leading to damage of the protein crystal. Routinely used cryoprotectants, such as ethylene glycol, facilitate the formation of noncrystalline or amorphous ice (ice III) when freezing crystals, but finding the correct cryoprotectant is often a time-consuming and costintensive process.
An alternative is the vitrification of samples using highpressure (HP) freezing without the addition of a cryoprotectant. When freezing specimens in aqueous liquids at high pressures exceeding 200 MPa, ice III is formed, thus avoiding ice rings in X-ray diffraction experiments (Fourme et al., 2009; Kim et al., 2008; Mishima et al., 1984) . This method is well established for the vitrification of biological specimens in the field of cryo-electron microscopy (Moor, 1987; Studer et al., 2008) . In protein crystallography, HP freezing has been successfully applied to a few examples (Thomanek et al., 1973; Urayama et al., 2002; Kim et al., 2005) , although the crystals were predominantly grown from vapour-diffusion experiments and HP cooled by utilizing methods and equipment neither readily available nor easy to use. For that the crystals were removed from the growth environment, immersed in 2-methylbutane (Thomanek et al., 1973) or NHV oil and slowly pressurized to >200 MPa. Although the HP-freezing equipment developed by Kim et al. (2005) is available to CHESS users, the method remains a rather time-consuming and expensive process.
The goal of this work was to apply the HP cooling technique to protein crystals grown in quartz capillaries. For this we used the CrystalHarp, a new counter-diffusion-based crystallization plate. More importantly, we wanted to apply a method of HP freezing using established electron microscopy (EM) equipment, allowing this technique to be more widely employed in the structural biology community.
Experimental

Plate design
The CrystalHarp plate, consisting of a polyimide-coated glass capillary with an internal diameter of 0.1 mm, was used in all of the following experiments (Figs. 1a and 1b). The polyimide coating provides both inherent flexibility and robustness to the capillary and these proved to be useful properties for all the HP cooling experiments. The plate is designed for 48 individual high-throughput counter-diffusion experiments and a single experiment consists of a 30 mm-long capillary. As a result of the diffusion of protein and mother liquor, a spatio-temporal gradient of supersaturation and local precipitation events along the capillary is formed, providing a large number of different crystallization conditions in one tube (Ng et al., 2008 (Ng et al., , 2003 .
High-throughput counter-diffusion crystallization
The counter-diffusion crystallization technique applied here to the CrystalHarp can be used for both screening and refinement of known crystallization conditions. We have crystallized six commercially available soluble proteins (lysozyme, thaumatin, insulin, xylanase, thermolysin and concanavalin A) and one in-house membrane protein (AcrB) using the CrystalHarp. The crystallization conditions were based on the known vapour-diffusion conditions and are listed in Table 1 . In all cases, crystals could be grown successfully (Fig. 2 tionally, a cryoprotectant solution can easily be added to the precipitation well by simply dispensing it through the oil layer.
In situ diffraction analysis
The CrystalHarp allows in situ diffraction measurement of crystals. For example, whole-plate in situ X-ray diffraction measurements of crystals can be performed. We have used the CrystalHarp in combination with the low-energy X-ray PX Scanner (Agilent Technologies). The arrangement and geometry of the nonstandard diffraction experiments have been defined and the plate is fully compatible with the PX Scanner. Alternatively, the CrystalHarp can be mounted vertically onto a conventional X-ray generator or at a synchrotron beamline equipped with a 96-well plate holder. In comparison with several other current commercially available crystallization plates, the capillary material used in the Crys-talHarp has extremely low background scattering, as shown in a recent publication (Bingel-Erlenmeyer et al., 2011) .
Alternatively, an individual capillary segment can be removed and mounted onto a magnetic base, enabling data collection by a full 360 rotation of each crystal in this capillary. For this, the capillaries are cut to a maximum length of 5-7 mm (Fig. 3a) , which is short enough to avoid the problem of being only partially immersed in the focused cryostream at an X-ray source. A large number of capillaries were tested in this way without any major difficulties. Longer capillaries are prone to partial thawing, resulting in crystal damage.
We have performed diffraction experiments using the seven proteins crystallized in the CrystalHarp at the PX6 beamline of the Swiss Light Source (SLS), Villigen, Switzerland. Individual capillaries containing suitable crystals were mounted and in situ X-ray diffraction data collected under two conditions: (i) with the addition of cryoprotectant added to the reservoir well one week prior to mounting; and (ii) without the addition of cryoprotectant. The individual capillaries were plunge-cooled in liquid nitrogen. Plunge cooling without the addition of cryoprotectant ( Fig. 4a ) resulted mostly in the occurrence of ice rings. Such formation of crystalline ice deteriorating the crystal during the cooling process resulted in low resolution and very poor mosaicity, and often the spots were severely smeared and therefore not auto-indexable ( Fig. 4a ). Therefore, diffraction data could not be collected, because for all the proteins tried here none of the growth conditions suited as a cryoprotectant.
Crystals grown in the capillary with the addition of cryoprotectant diffracted to a similar resolution to those grown by vapour diffusion, which have been described in the literature or deposited in the Protein Data Bank (PDB; Berman et al., 2000) ( Fig. 4b ). However, in four out of the seven cases we observed ice diffraction rings, indicating that an incorrect or incorrect amount of cryoprotectant had been applied and the water was not completely vitrified during the cooling process. For five proteins, i.e. lysozyme, thaumatin, insulin, concanavalin A and xylanase, complete data sets were collected and the structures solved by molecular replacement (MR) ( Table 2) .
HP freezing
Diffraction data collection from protein crystals at synchrotron sources is performed at liquid-nitrogen temperature, to protect the crystals from radiation damage. For this the crystals are flash cooled to prevent the formation of cubic and hexagonal ice crystals, which could damage the crystal lattice. To eliminate the tedious and time-consuming step of searching for the correct cryoprotectant, we performed HP freezing at 210 MPa to prevent the formation of cubic or (a) A mounted capillary for in situ diffraction analysis. The capillary is cut to a length of 5-7 mm and then placed onto a standard magnetic base containing an 18 mm microtube. Prior to capillary mounting the microtube is dabbed in high-vacuum grease, which holds the capillary in place during and after the freezing process. The setup for mounting an HP-cooled capillary is very similar, as shown in (b). Since the mounting takes place at a temperature of 108 K in a cryochamber, the vacuum grease is replaced with a short piece of quartz tubing insert whose inner diameter matches the outer diameter of the HP-frozen capillary, hence holding it in place for storage and during data collection.
Figure 2
Images of the seven proteins successfully crystallized in the CrystalHarp. The crystallization conditions were based on known vapor-diffusion conditions.
hexagonal ice phases and hence avoid ice rings during data collection.
As a proof of principle, all seven proteins crystallized in the CrystalHarp were used for HP freezing without the addition of any cryoprotectant. Individual capillaries containing crystals were cut to a maximum length of 5 mm and subjected to HP freezing according to the following protocol (see also x3). Using a Leica EM HPM100 (Leica Microsystems), crystals were cooled to 133 K within 30 ms at a pressure of >200 MPa and immediately transferred into liquid nitrogen. To avoid the research papers The diffraction patterns of concanavalin A (Sigma Aldrich) (left) and Thaumatin (Sigma Aldrich) (right) crystals grown in the CrystalHarp. The crystals were grown in 15% PEG 6000 and 0.8-1 M potassium sodium tartrate, respectively. In situ data were collected after freezing (a) at ambient pressure without the addition of a cryoprotectant, (b) at ambient pressure after the addition of a cryoprotectant (5% ethylene glycol, final concentration) and (c) after application of >200 MPa without the addition of a cryoprotectant. Table 2 Data-collection and refinement statistics after freezing in liquid nitrogen at normal pressure (NP) or high pressure (HP).
Values in parentheses refer to the outermost resolution shell. TFZ: translation function Z score. LLG: log likelihood gain. 9 0 9 0 9 0 9 0 9 0 9 0 ( ) 9 0 9 0 9 0 9 0 9 0 9 0 ( ) 9 0 9 0 9 0 9 0 9 0 9 0 Resolution (Å ) 2. formation of air bubbles in the capillary, all cutting and handling steps up to HP freezing were carried out in 2-methylpentane (2-MP). Mounting of the HP-frozen capillary was performed under a constant nitrogen stream at 108 K using a microtome. At this temperature setting, the 2-MP liquefies and the capillary can be mounted onto a standard magnetic cap fitted with a microtube and a quartz tubing insert (Fig. 3b ). The mounted capillary was immediately transferred into liquid nitrogen and permanently stored at 77 K, below the ice transition temperature of 136 K. All in situ X-ray diffrac-tion studies were performed at the 6S (PXI) beamline at the SLS. High-resolution data sets were collected for all seven HPfrozen test protein crystals and the structures solved by molecular replacement (MR). The data-collection statistics are presented in Table 2 . We have been able to demonstrate that crystals frozen under HP do not show any ice rings in the diffraction image, indicating that crystalline ice formation was completely suppressed (Fig. 4c ). The structures of five proteins derived from HP-frozen crystals (i.e. lysozyme, thaumatin, insulin, Table 3 Differences after freezing in liquid nitrogen at normal pressure (NP) or high pressure (HP). concanavalin A and xylanase) grown without the addition of cryoprotectant were compared with the respective structures derived from crystals grown with the addition of cryoprotectant but flash cooled at ambient pressure. In most cases, the final average resolution was improved by 0.1-0.9 Å (Table 2 ). In four out of five cases a slight reduction in the unit-cell parameters for the HP-frozen structures was observed ( Table 2 ). In contrast, the mosaicity for the HP-frozen structures has increased slightly, with the exception of concanavalin A. Furthermore, superposition of all the atoms of the structures derived from HP-frozen crystals with the structures used for MR reveals low r.m.s. deviations (Figs. 5 and 6, Table 3) , showing that neither the process of counter-diffusion nor HP freezing perturbs the overall structure.
Methods
High-throughput counter-diffusion crystallization using the CrystalHarp
Detailed information on tray setting, cryoprotection and capillary mounting in both written and visual form is available at http://www.swissci.com/. Briefly, the plate is loaded with just 23 ml of protein into one of the protein-loading wells. To start the 48 individual counter-diffusion crystallization experiments, the initially continuous capillary is cut manually in the sealing trough with the cutting tool provided and then sealed with the supplied sealant. The crystallization condition solutions are pipetted into the precipitation wells manually or with the help of a liquid-handling robot. Afterwards, the capillaries are cut The superposition of the ambient-pressure (with cryoprotectant) thaumatin structure (green) and the HP-cooled structure (yellow). The r.m.s. deviation between the C atoms in the two models is 0.234 Å and the r.m.s. deivation between all atoms is 0.307 Å . Here, the final resolution, mosaicity and average B factor values (Table 3) for the structure derived from the HP-cooled crystal and the crystal frozen at ambient pressure differ only slightly from one another. Both structures are defined by excellent electron density maps, as shown in (b) and (c).
Figure 5
The superposition of the ambient-pressure (with cryoprotectant) concanavalin A structure (green) and the HP-cooled structure (yellow). The r.m.s. deviation between the C atoms in the two models is 0.307 Å and the r.m.s. deviation between all atoms is 0.491 Å . The cut-out segments (b) and (c) show the respective electron densities. For concanavalin A a significant improvement in final resolution, mosaicity and average B factor values (Table 3) was achieved by applying HP freezing, reflected in the more detailed electron density map for the HPcooled crystal.
in the reservoir wells and the crystallization condition solutions are covered with mineral oil to avoid evaporation. The SBS standard format of the CrystalHarp is fully compatible with any standard crystal-plate storage and imaging system, for example the CrystalFarm imaging system (Nexus Biosystems). For the crystallization experiments presented here using the CrystalHarp, six soluble and commercially available proteins and one in-house membrane protein were used. The crystallization conditions and references are detailed in Table 1 .
In situ diffraction
For in situ diffraction analysis, data collection was performed (i) with the addition of cryoprotectant added one week beforehand and (ii) without the addition of cryoprotectant. Cryoprotectant was pipetted into the precipitation well through the oil covering the mother liquor. Crystals grown in the capillary were subjected to in situ X-ray diffraction analysis. For this, the capillary was removed from the plate by cutting, initially at the reservoir side and subsequently at the other end, using Erem 15AGW tweezers. The final length of capillary to be mounted was 5-7 mm. The capillary was mounted onto a standard magnetic base (Hampton Research) including an 18 mm microtube (Hampton Research). The capillary was fixed to the metal tube using high-vacuum grease, holding it in place after freezing in liquid nitrogen.
HP-freezing procedures
HP freezing was performed using a Leica EM HPM100. All materials required were standard Leica Microsystems supply, such as aluminium specimen carrier plates type B (6 Â 0.5 mm) and sample holders (half cylinder and middle plate). The only modification was made to one of the specimen carriers by cutting a groove diagonally (5 Â 0.1 Â 0.1 mm) into the flat bottom. The groove serves as a holder for the capillary during the HP-freezing process.
The removal of the capillary for HP-freezing purposes was performed as described for the in situ diffraction analysis (x3.2). The capillary was cut to a maximum length of 5 mm. Air-bubble formation in the capillary was suppressed by carrying out all subsequent handling steps up to HP freezing in 2-MP (Acros Organics). The 5 mm-long capillary piece was placed in the groove of the modified specimen carrier, covered with a standard aluminium specimen carrier, transferred into the sample holder and placed in the HP freezer. The instrument was operated in an ethanol-free cycle. A pressure of >200 MPa was applied within 6 ms and held for a period of 290 ms, during which the samples were cooled to <133 K within 30 ms. Immediately afterwards the capillary was dropped into liquid nitrogen and transferred to a microtome (UTC Leica EMM FCS microtome, Leica Microsystems). The microtome cryochamber was set to a temperature of 108 K and operated in a dry cold nitrogen atmosphere. 2-MP is liquid at this temperature and the HP-frozen capillary can be removed from the aluminium specimen carrier.
To mount the HP-frozen capillary a standard magnetic base is used, containing an 18 mm stainless steel microtube with a quartz tubing insert. The inner diameter of the quartz tubing insert is 0.18 mm, allowing the HP-frozen capillary, with its outer diameter of 0.164 mm, to be inserted (Fig. 3b ). With about 1.5 mm insertion depth into the quartz tubing insert, the HP-frozen capillary is kept in place during storage in liquid nitrogen and subsequently during data collection. The mounted HP-frozen capillary must be stored permanently at 77 K, below the ice transition temperature of 136 K.
Data collection
Diffraction data were collected at the SLS on beamline PXI using a Pilatus 6M detector manufactured by Dectris Switzerland, and on beamline PXIII using a Marresearch mar225 detector manufactured by Rayonix LLC USA. Data were collected at 90 K in an N 2 gas stream and at ambient pressure. When using the Pilatus detector, the oscillation range was always set to one-third of the mosaicity to generate a fine ' splicing of the collected data set (Paithankar et al., 2009) . When using the mar225 detector on the PXIII beamline, the oscillation range was set to half of the mosaicity. Before data collection, the mosaicity was estimated using two frames collected at 90 from each other and by using the program LABELIT (Sauter et al., 2006) implemented in the package suite GO.COM developed at the SLS. Data sets were collected on a total number of frames corresponding to a full rotation of 360 for better statistics analysis. To maintain a similar level of radiation damage for each data set collected, the exposure time and the filter used to decrease the beam intensity were chosen to fit a predicted value of the absorption dose of 15 MGy, calculated using RADDOSE (Murray et al., 2004; Paithankar et al., 2009) implemented in RAMDAC developed at the SLS. This value is approximately one-third of the dose of 43 MGy where the diffracted intensity is predicted to fall to at least half of its initial value at cryotemperatures .
Data processing, phasing and model building
Data were indexed, integrated and scaled using the XDS package (Kabsch, 2010) . The number of molecules present in the asymmetric unit was determined using the program MATTHEWS COEFFICIENT from CCP4i (Matthews, 1968; Winn et al., 2011) . Structures were determined by MR using PHASER McCoy, 2007) . PDB models used for MR were always taken as the monomer, and ligands, cations, anions or water molecules were discarded from the PDB file. The structures were refined against the data set using PHENIX.REFINE (Adams et al., 2010) . Several manual builds using COOT (Emsley & Cowtan, 2004) and refinements with PHENIX.REFINE were iteratively performed. During the last refinement, water molecules were automatically added using the command ordered_solvent = true in PHENIX (Adams et al., 2010) .
Structure superposition and calculation of r.m.s. deviation
To analyse the structures obtained, the r.m.s. deviation between the refined structure and the template molecule was calculated, employing first the SSM superposition function and secondly the LSQ function implemented in COOT on all atoms (Emsley & Cowtan, 2004) .
Discussion
Our results show that the combination of crystal growth in the quartz capillaries of the CrystalHarp and HP freezing offers a useful alternative to conventional vapour-diffusion crystallization and plunge-cooling experiments.
Firstly, X-ray diffraction can be performed directly in situ and the crystals do not have to be manually manipulated and taken out of the crystal growth solution. For example, supramolecular complexes, membrane proteins and virus crystals are often formed by weak crystal contacts and are therefore fragile and hard to manipulate. Conventional crystal mounting potentially prevents diffraction data collection. Future experiments using viruses that cannot be taken from their mother liquor will be the first test systems to demonstrate this. Most important in the context of in situ diffraction analysis is the extremely low background scattering observed for the glass capillary used in the CrystalHarp (Bingel-Erlenmeyer et al., 2011) . This feature enables in situ data collection from weakly diffracting crystals.
Secondly, individual capillaries containing crystals suitable for diffraction experiments can easily be subjected to an HPfreezing procedure, omitting the tedious process of finding the correct cryoprotectant. In comparison with previous HPfreezing techniques, the method described here allows very fast cooling of the crystals without adding cryoprotectant. Our HP-freezing results using the CrystalHarp capillaries agree strongly with the findings of Kim et al. (2005) . They subjected several soluble protein crystals (glucose isomerase, thaumatin and AHP-LAAO) to HP freezing. The crystals were mounted in a loop, covered in oil to avoid crystal dehydration, and then HP frozen under an He gas atmosphere. Their results show that, without the addition of penetrating cryoprotectant, water vitrification in crystals can be achieved and acceptable crystal diffraction data collected. Subsequently, Kim et al. (2007) performed initial studies on HP freezing applied to capillaries. Thaumatin crystals were grown in a thick-walled polycarbonate capillary with a large internal diameter (Ø 300 mm). They were able to show that, in some experiments, the formation of crystalline ice was successfully suppressed, although in other cases, using the same capillaries and setup, no vitrification was achieved. In comparison, the capillaries of the CrystalHarp have a much smaller inner diameter and, more importantly, are thin walled and have less thermal mass. This feature contributes positively to a highly accelerated cooling rate and in our hands resulted in 100% successfully HP-frozen samples. Our HP results, compared with crystals frozen in capillaries at ambient pressure with the addition of cryoprotectant, show that with both methods high-resolution data can be obtained. Furthermore, with one of our target proteins (concanavalin A), data at a significantly higher resolution could be obtained. It is therefore conceivable that, for targets such as fragile crystals, not only in situ diffraction itself but also the application of HP freezing is beneficial. Furthermore, to the best of our knowledge, for the first time high-resolution data have been collected for a membrane protein (AcrB) flash cooled without cryoprotectant.
Over the past decade, enormous progress has been made in the area of high-throughput crystallography, with the focus being on the automation of the crystallization-screening and data-collection processes. Today crystal harvesting remains a manually performed step and plunge cooling often constitutes a tedious and time-consuming process. We believe that the use of the CrystalHarp in combination with in situ diffraction analysis may have a significant impact on high-throughput crystallography. Furthermore, the HP-freezing technique may play a key role in the increasingly automated process of obtaining high-resolution data and structure determination. The elimination of the cryoprotectant search can allow data collection from crystals that are difficult to reproduce and hence unavailable for post-crystallization treatments. Further HP-freezing experiments will aim for the development of a method that eliminates the use of quartz capillaries and allows fast cooling of crystals in the mother liquor with no additional external reagent.
